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1. Abstract
To understand the origin of the dunes on Titan, it is important to investigate the
material properties of Titan’s organic sand particles on Titan. The organic sand may
behave distinctively compared to the quartz/basaltic sand on terrestrial planets (Earth,
Venus, Mars) due to differences in interparticle forces. We measured the surface energy
(through contact angle measurements) and elastic modulus (through Atomic Force Mi-
croscopy, AFM) of the Titan aerosol analog (tholin). We find the surface energy of a
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tholin thin film is about 70.9 mN/m and its elastic modulus is about 3.0 GPa (similar
to hard polymers like PMMA and polystyrene). For two 20 µm diameter particles, the
theoretical cohesion force is therefore 3.3 µN. We directly measured interparticle forces for
relevant materials: tholin particles are 0.8±0.6 µN, while the interparticle cohesion be-
tween walnut shell particles (a typical model materials for the Titan Wind Tunnel, TWT)
is only 0.4±0.1 µN. The interparticle cohesion forces are much larger for tholins and pre-
sumably Titan sand particles than materials used in the TWT. This suggests we should
increase the interparticle force in both analog experiments (TWT) and threshold models
to correctly translate the results to real Titan conditions. The strong cohesion of tholins
may also inform us how the small aerosol particles (∼1 µm) in Titan’s atmosphere are
transformed into large sand particles (∼200 µm). It may also support the cohesive sand
formation mechanism suggested by Rubin and Hesp (2009), where only unidirectional
wind is needed to form linear dunes on Titan.
2. Introduction
Aeolian processes are ubiquitous on bodies with atmospheres (both permanent and
ephemeral) in the Solar System, including Earth, Venus, Mars, Saturn’s moon Titan
(Greeley & Iversen, 1985), Neptune’s moon Triton (Smith et al., 1989) Pluto (Stern
et al., 2015) and the comet 67P/Churyumov-Gerasimenko (Thomas et al., 2015). To
understand the origin of aeolian processes on Titan, the initiation of saltation has been
investigated by measuring fluid threshold wind speed (the lowest wind speed to initiate
saltation) using the Titan Wind Tunnel (TWT) (Burr et al., 2015). Complementary to
such investigations, the fluid threshold wind speed can be predicted by deriving the force
balance of stationary stacking particles. These forces include: the wind drag and lift forces,
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gravity, and interparticle forces (Shao & Lu, 2000). During the TWT experiments, the
wind drag and lift forces can be manipulated by changing the wind speed and flow regimes
in the wind tunnel. The gravity on Titan can be simulated by using lower density material
(density<2000 kg/m3) in the wind tunnel on Earth. However, the interparticle forces are
highly dependent on intrinsic material properties (e.g., surface energies). The low density
materials used in the TWT (e.g., walnut shells), may have different interparticle forces
compared to the real transporting materials on Titan, which are considered to be made
of organics deposited from the atmosphere with minor water ice (McCord et al., 2006;
Soderblom et al., 2007; Barnes et al., 2008; Clark et al., 2010; Le Gall et al., 2011; Hirtzig
et al., 2013; Rodriguez et al., 2014). Thus measurements of the interparticle forces of both
the Titan analog materials and the low density materials used in the TWT are necessary,
so that we can correctly translate the TWT results to real Titan conditions.
The formation of dune particles (∼100 µm) on Titan is not well understood. Barnes
et al. (2015) proposed several mechanisms for haze particles to transform to sand-sized
particles: 1) if the sand particles are produced by sintering or by lithification and erosion,
then the composition of the sand particles would match the aerosols; 2) if the sand particles
are produced by flocculation, the composition of the sand would be similar to the insoluble
part of the aerosols in Titan’s lakes; 3) the soluble part of the sand particles could form
evaporites and the evaporites could be the sand source, too. However, both laboratory
and theoretical studies showed that Titan aerosol analogues (‘tholin’) have low solubility
in non-polar solvents (McKay, 1996; Raulin, 1987; Coll et al., 1999; Sarker et al., 2003;
Carrasco et al., 2009; He & Smith, 2014a), which are the major components of Titan’s
lakes (Brown et al., 2008). Thus, the soluble part of tholin may be a minor composition of
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Titan’s sand. Measuring the interparticle cohesion of these Titan aerosol analog particles
could also provide information about the formation of Titan’s sand particles.
The interparticle forces consist of van der Waals force, capillary forces due to condensed
liquid, and electrostatic forces. In very humid environments, capillary forces usually
dominate over the other forces while in low humidity environments, van der Waals forces
(solid-solid interaction) dominate at short-range separation. The long-range electrostatic
forces may also play an important role in affecting sediment transportation once the
particles are placed in motion, thus affecting the impact threshold (the lowest wind speed
to maintain saltation, which is usually lower than fluid threshold) more than the fluid
threshold.
Apart from intrinsic material properties, interparticle forces are also controlled by en-
vironmental conditions, such as relative humidity (RH) and temperature. On Earth, the
relative humidity of water generally increases the interparticle forces through capillary
condensation (e.g. Jones et al., 2002), while on Titan, the relative humidity of methane
or ethane may affect the interparticle forces as well. Temperature also affects the in-
terparticle forces, especially at temperatures near a substance’s melting point; a melted
quasi-liquid layer could form capillary bridges at surface asperities (the unevenness of
surface). For ice in air, this quasi-liquid layer may disappear at around −20◦C (Petrenko
& Whitworth, 1999). Thus near the melting point, the interparticle forces increase with
increasing temperature (e.g. Yang et al., 2004; Taylor et al., 2008).
There are a number of models which describe the adhesion between two smooth surfaces
(Maugis, 1992). Two limiting equations are often used to describe the adhesion forces
between smooth, dry surfaces. The DMT limit (Derjaguin, Muller, & Toporov, 1975)
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generally applies for hard materials and small contacting radii of curvature, and the
JKR limit (Johnson, Kendall, & Roberts, 1971) describes the interparticle adhesion for
soft materials and larger contacting radius of curvature. The application of either of
the limiting equations depends on the elastic modulus and the surface energy. Here
we measured these two material properties for tholin, through contact angle and elastic
modulus measurements, thus we can theoretically predict the interparticle forces.
The above theoretical models of interparticle forces usually predict much larger results
than found in experimental data. The challenge for these models is the use of over-
simplified geometry; actual particles are not usually perfectly round and have asperities
to decrease the real contact area. The irregularity and roughness of the particles makes
the contact area smaller than if they were perfect molecularly smooth spheres. A number
of models have been trying to describe the effect of roughness on adhesion forces (e.g.
Greenwood & Williamson, 1966; Rumpf, 1990; Xie, 1997; Cooper et al., 2000; Rabinovich
et al., 2000), however, exact predictions for real particles are still difficult. Thus it is still
necessary for us to measure the interparticle forces between actual particles.
The ability of atomic force microscopy (AFM) to measure forces as a function of surface
separation enables us to directly measure the particle-surface or particle-particle separa-
tion forces at the single particle level; the forces measured are called the adhesion forces
(or pull-off forces) (Ducker et al., 1991). A series of particle-surface interactions during
one force-distance curve cycle (approach and retract) are shown in Figure 1. As the parti-
cle approaches the surface, the interaction force increases from zero to attraction between
the particle and film. Then the particle may ‘jump in’ to the surface because of the at-
traction. As the surfaces are pushed together, a repulsive force will be measured. As the
D R A F T November 7, 2018, 4:48am D R A F T
YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM X - 7
AFM cantilever retracts the particle from the surface, the adhesion forces between the
particle and the surface will prevent separation. When the pulling force of the cantilever
exceeds the maximum adhesion forces, the particle will ‘jump out’ from the surface. Thus
the adhesion forces are dependent on the depth of this adhesion minimum. The adhesion
forces between single particles reflect a combination of interparticle forces whose relative
importance depends on environmental conditions and material properties.
The two limiting equations (DMT and JKR limits) to describe adhesion forces and the
derivation of saltation threshold is reviewed below (Section 3). The experimental methods
are described in Section 4.1–4.5. In Section 5.1, we used the measured intrinsic material
properties: contact angles, surface energy, and elastic modulus of tholin to calculate the
theoretical adhesion forces between tholin particles. The measured adhesion forces of
AFM silicon tip to several different surfaces are compared in Section 5.2. The results of
the adhesion forces measurements for particle-surface and particle-particle interactions are
summarized in Section 5.3. To further explore the effect of geometry and environmental
conditions on adhesion forces, a tholin coated colloidal particle was used and we measured
its adhesion to a flat tholin surface under different relative humidities (Section 5.4).
3. Background
Two simple models are often used to describe the solid-solid interaction forces of smooth,
contacting surfaces under dry or low humidity conditions. The DMT model (Derjaguin,
Muller, & Toporov, 1975) generally applies for hard materials and small contacting radii
of curvature, and the interparticle forces can be expressed as:
FDMT = 2piR
∗WA, (1)
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where R∗ is the effective radius of curvature, given by R∗ = (1/R1 + 1/R2)−1, where R1
and R2 are radii of the contacting particles. WA is the work of adhesion; for two solid
surfaces made of the same material in vacuum/dry air,
WA = 2γs (2)
where γs is surface energy of the solid. On the other hand, the JKR model (Johnson,
Kendall, & Roberts, 1971) best describes the interparticle adhesion for soft materials and
larger contacting radius of curvature, the interparticle forces for this model are:
FJKR =
3
2
piR∗WA. (3)
In order to know which model is appropriate for the system we are investigating, we need
to calculate an the elasticity parameter λ to determine which regime applies (Haugstad,
2012):
λ =
2.06
ξ0
(
R∗γ2s
piK2
)1/3, (4)
where 1
K
= 3
2
1−ν2
E
, ν = 0.3 is the poisson ratio, E is the elastic modulus of the material,
and ξ0 = 0.16 nm is the equilibrium interatomic distance. The DMT model applies when
λ < 0.1 and the JKR model applies when λ > 5. For tholin, neither its surface energy (γs)
nor its elastic modulus (E) is known, so we cannot predict its interparticle forces under
dry conditions. Regardless of which model is applied, the interparticle forces will be a
function of particle size and surface energy; thus the uncertainty from the two parameters
could strongly affect the calculated theoretical interparticle forces, as well.
The DMT and JKR models only apply for dry or low humidity conditions. At higher
RH, when liquid starts to condense on the particles or the surface, the interparticle forces
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begin to be dominated by capillary forces:
Fcapillary = 4piR
∗γLcosθ, (5)
where γL is the surface energy of the condensed liquid and θ is the contact angle between
the liquid and the solid surface.
Shao and Lu (2000) used the balance of gravity (Fg ∝ d3), aerodynamic drag and lift
(Fd and Fl both ∝ d2), and interparticle forces (Fi ∝ d) to derive the threshold friction
wind speed:
u∗sl =
√
f(Re∗)(
ρp − ρa
ρa
gd+
γ
ρad
), (6)
where
γ =
6
pi
ai
ag
β, (7)
where d is the diameter of the particles, ai and ag are the moment arm lengths of the
interparticle and gravity forces, respectively. The values of f(Re*) and γ are acquired by
fitting the experimental data from Iversen & White (1982), where they used a bound-
ary layer wind tunnel to measure threshold wind speed for various materials of different
densities (1100–2650 kg/m3) and sizes (37–673 µm). They found f(Re*) is approximately
0.0123, and γ is between 1.65–5 N/m (Shao & Lu, 2000). The value of β links to the
magnitude of the interparticle forces:
Fi = βd.
Note that the JKR and DMT theories show that β is in the range of 1.5piγs and 2piγs.
Roughness will further decrease β. For a 100 µm diameter particle, the interparticle
forces are estimated to be on the order of 10 µN (β ∼ 10−1 N/m). However, to fit the
experimental threshold wind speed data, Shao and Lu (2000) found out the interparticle
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forces are only on the order of 10−2 µN (β ∼ 10−4 N/m), which is not only several orders
smaller than the estimated value (10 µN), but also one order smaller than the measured
value for quartz sand (Fi ≈ 0.1 µN, Corn, 1961).
The interparticle forces used in Shao and Lu (2000)’s model are not specific for any
particular materials, because the model did not link the range of the parameter γ or
β (see Equation 7) to material properties. This might be particularly problematic for
Titan because the transporting materials on Titan are mainly organic and their intrinsic
interparticle cohesion (the β parameter) could be very different from silicate materials on
Earth for which the models were developed.
4. Methods
4.1. Samples and Preparation
Tholins were produced by exposing 5% CH4/N2 gas mixture to a glow plasma discharge
(pressure: 3 Torr, temperature: 100 K), with a 10 sccm flow rate (He et al., 2017). Tholins
were deposited: 1) on four mica discs (10 mm diameter), 2) three colloidal probes (AFM
cantilevers from sQube with a ∼20 µm diameter borosilicate glass sphere attached to the
end of the cantilever), and 3) on the wall of the chamber. The tholin films deposited on
mica discs are approximately 1 µm thick, and their RMS roughness is ∼1 nm. Figure
2(a) shows a scanning electron microscopy (SEM) micrograph of one of the tholin-coated
colloidal probes. Tholin particles deposited on the chamber wall were collected in a dry
N2, oxygen free glove box. The representative Titan Wind Tunnel materials (walnut shells
125–150 µm), are from the original TWT batches used in Burr et al. (2015) and Yu et
al. (2017).
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4.2. AFM and cantilevers
We used a Bruker Dimension 3100 atomic force microscope. The spring constants of
the cantilevers were calibrated by thermal tuning. The spring constant of the regular
cantilevers is about 40 N/m and those of the colloidal probes is approximately 2.8 N/m.
The sensitivity of the AFM photodiode is measured by indenting a hard surface (cleaved
mica sheets, detailed in McGuiggan et al.. 2011).
4.3. Elastic Modulus Measurements
We used the AFM as a nanoindenter to measure the stiffness of tholin. We performed
two cycles of force-separation curves on a hard surface (silicon, assume no indentation)
and on a smooth tholin surface. The z scanner distance (x-axis in Figure 1) on the hard
surface was subtracted from the z scanner distance on the sample surface to get a force
(F)–indentation (δ) curve. The elastic modulus (E) of tholin can then be found as a
function of indentation as:
E =
3(1− ν2)F
4R∗1/2δ3/2
, (8)
where ν = 0.3 is the Poisson ratio and R* is the radius of the AFM tip (∼10 nm).
4.4. Contact Angle Measurements
We performed contact angle measurements on a flat tholin film. We used both a polar
(deionized water) and a non-polar (diiodomethane, CH2I2) liquids, which usually yields
the most reliable surface energy results (Hejda et al., 2010). We also used heptane as
an analog to liquid methane or ethane, since the surface tensions are similar (around 20
mN/m). Contact angles were determined by using a Rame´-Hart goniometer.
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When a liquid droplet forms on a flat solid surface in an inert atmosphere, we can balance
the three phases (liquid, solid, and air) energies by using the Young-Dupre´ equation:
Wsl = γl(1 + cosθ), (9)
where γl is the surface energy of the liquid, Wsl is the work of adhesion (energy to separate
the solid and liquid) of the liquid and solid, and θ is the contact angle between the liquid-
air interface and the solid surface. Using the geometric mean method, the work of adhesion
Wsl can be also approximated as (Owens & Wendt, 1969):
Wsl = 2(
√
γdsγ
d
l +
√
γpsγ
p
l ), (10)
where γds and γ
d
l are solid and liquid dispersion contributions to the surface energy, and
γps and γ
p
l are the solid and liquid polar contributions to the surface energy. When the
contact angle measurements are done using two liquids, we have two sets of equations
9 and 10 to solve for the surface energy of the solid. A similar harmonic mean method
developed by Wu (1971) was also used to calculate the surface energy and the results are
similar to the geometric mean method.
4.5. Adhesion Force Measurements
We performed force-separation curves on four different simple systems to measure ad-
hesion forces, as shown in Figure 3. The adhesion force measurements were all done at a
scan rate of 1.5 to 2 Hz (≈4 µm/s). There was no change in the measured adhesion forces
at rates of 0.5 Hz, 5 Hz, and 10 Hz and there was no change in the measured adhesion
forces.
To study tip-flat adhesion, we conducted force distance curve with a bare silicon AFM
tip to 1) a flat tholin deposited film, 2) a flat quartz surface (Pelco Quartz Substrate from
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Ted Pella, Inc), and 3) the flat side of a walnut shell particle (size ∼800 µm, see Figure
2(b)), as shown in Figure 3a.
To study particle-flat and particle-particle cohesion, two kinds of particles were used:
a tholin particle (∼30 µm, see Figure 2(c)) and a walnut shell particle (∼125–150 µm,
see Figure 2(d)). They were glued to AFM cantilevers using epoxy resin. Force curve
measurements were conducted for these particles to both flat film (for walnut shell, we
used the flat side of an 800 µm particle) and particles made of the same material as the
glued particle, as shown in Figure 3b and 3c. For each particle-flat and particle-particle
cohesion measurement, 2–4 spots on the film or 2–4 particles on the substrate were chosen
randomly and 6–20 pairs of approach-retract force curves were taken.
To study the variation of adhesion forces with different humidities, we performed the
measurements using more controlled contact geometry: a colloidal probe coated with
tholin was used as the cantilever. Force curves were obtained between the probe and a
flat tholin film, as shown in Figure 3d. We also investigated the effect of relative humidity
(RH) on adhesion forces for the tholin coated colloidal probe. The measurements were
conducted in a controlled RH environment, varying RH from <1% in a dry nitrogen
environment to about 40% in ambient air. Relative humidity (RH) and temperature were
recorded by a digital hygrometer (Dwyer Instrument), the RH range is 0–100% with an
accuracy of ±2%, and the temperature range is −30–85◦C with an accuracy of ± 0.5◦C.
5. Results and Discussion
5.1. Intrinsic material properties of tholin and its theoretical adhesion forces
The contact angle measurements show that for water (γ = 72.8 mN/m, γd = 20.0 mN/m,
and γp = 52.8 mN/m) on a flat thin tholin film, the contact angle is 22± 5◦. While for
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diiodomethane (γ = γd = 50.8 mN/m, γp = 0 mN/m), the contact angle is 50± 5◦. Thus
we can solve Equations 9 and 10 for the surface energy of tholin:
γs = γ
d
s + γ
p
s = (34.3
+2.7
−2.9 + 36.6
+3.7
−3.8) mN/m = 70.9
+4.6
−4.8 mN/m (11)
The contact angle between heptane and tholin is less than <5◦.
From the indentation part of the force curve, we get an elastic modulus (E) of tholin
film of about 3.0± 0.7 GPa (Equation 8), which is consistent with hard polymers like
PMMA and polystyrene (Israelachvili, 2011). Using the measured surface energy of tholin
γs = 70.9
+4.6
−4.8 mN/m and its elastic modulus E, we can calculate the elasticity parameter
λ for an AFM tip or a particle with radius R touching a flat tholin surface:
λ =
2.06
ξ0
(
Rγ2s
piK2
)1/3 ≈ 891R1/3. (12)
For the tholin particles investigated in this study (both the particle and the coated colloidal
particle), R ≈ 10 µm, thus we get λ ≈ 19, which makes the JKR model most appropriate
for this system. The theoretical adhesion force under dry conditions for particle-flat
surface system can then be calculated as:
F =
3
2
piR∗WA = 6.7± 0.3 µN. (13)
For two tholins particle of similar size (R ≈ 10 µm), the adhesion force is half of the
adhesion force for particle-flat system (3.3± 0.2 µN), since the radius R* is halved for
this system.
If particles are exposed in humid terrestrial conditions (water, γL = 72.8 mN/m), the
adhesion forces start to become capillary dominated:
F = 4piR∗γwatercosθwater = 8.5± 0.3 µN (14)
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If the condensed liquid is liquid methane (γ ≈ 20 mN/m, Baidakov et al., 2013) as on
Titan, then the adhesion forces become:
F = 4piR∗γmethanecosθmethane ≈ 2.5 µN, (15)
here we use the contact angle between tholins and heptane (θ<5◦), leading to
cosθ = 0.996 to 1, which is consistent with the value used in Lavvas et al. (2011),
cosθ ∼ 0.995 between tholin and methane. This value is derived from the experimental
results of methane adsorption on tholin films produced in a different laboratory (Curtis
et al., 2008).
As RH increases, the particles transition from solid-solid interaction to capillary inter-
actions; there might be a gradual transition for the force (e.g. Christenson, 1988). The
capillary condensation that occurs around surface contact sites grow with increasing RH
until a liquid film surrounds the macroscopic contact. This transition continues until
the capillary meniscus radius exceeds the asperity size, then the interparticle forces are
dominated by capillary forces as shown in Equation 5 (McFarlane & Tabor, 1950).
It is interesting to notice that the theoretical interparticle force would actually decrease
with increasing liquid methane humidity since the capillary force for liquid methane is
lower the van der Waals force under dry conditions. However, if the particles have signif-
icant roughness, rather than being perfect spheres, then the van der Waals forces at low
humidity would be much smaller. In this case they may be lower than the liquid methane
capillary forces, which depend on the capillary radius.
For comparison, the gravity force for the 20 µm size particle is only about 2.9×10−6
µN to 8.2×10−6 µN on Titan, using the density range from 500–1400 kg/m3 (Imanaka
et al., 2012; Ho¨rst & Tolbert, 2013; He et al., 2017). If the above calculation is done for
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a tholin particle of radius 100 µm (assuming a perfect smooth sphere, which is almost
certainly not true for real sand particles on Titan), the contact force is a huge 67 µN
(JKR still applies for tholins of this size), the methane capillary force is 25 µN, while
the gravity force is only 2.9×10−3 µN to 8.2×10−3 µN. Since the gravity forces for the
sand particles on Titan are so small, the interparticle forces dominate the movement of
particles on Titan.
5.2. Tip to Flat Surfaces Adhesion Forces
Shown in Figure 4 are three retraction force curves of a silicon tip (tip radius about
10 nm) to three kinds of flat surfaces: quartz, tholin, and the flat side of a walnut shell
particle (800 µm). The differences of the adhesion forces are stark between these films.
Here the adhesion force is smallest between tip and the flat surface of the walnut shells,
about 0.3 µN, while the adhesion force between silicon tip and tholin film is almost 10
times larger, about 2.4 µN. The adhesion force between silicon tip and quartz film is in
between, about 0.8 µN.
5.3. Particle to Particle Adhesion Forces
To directly study interparticle cohesion, we attached tholin and walnut particles to the
end of the AFM cantilever. The force curves between particles are more complicated since
the particles are usually very rough at both micro- and nano- scales, and are not uniformly
spherical. We observed multiple pull-off events in our experimental data for some of the
very rough particles. An example of a retract force curve between two rough walnut shells
particles is shown in Figure 5. The pull-off force is given by the maximum attraction force
as that force is sufficient to pull off all the asperities (Beach et al., 2002). Since we cannot
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control the surface of the particles used in the wind tunnel, the roughness of the particles
will usually lead to high standard deviations in pull-off force measurements because the
contact area in every force curve may be different. However, this range of measured values
likely represents the actual range of interparticle forces for the wind tunnel experiments.
In Table 1 and Figure 6 we show the results of particle-particle adhesion forces for wal-
nut shells and tholins. According to JKR and DMT contact mechanics (Johnson, Kendall,
& Roberts, 1971; Derjaguin, Muller, & Toporov, 1975), the adhesion forces scale linearly
to the particle size. However, measurements show that the smaller 30 µm tholin particles
actually show larger adhesion forces (average 0.8±0.6 µN) compared to the bigger 100
µm walnut shells (average 0.4±0.1 µN), even under lower humidity (RH≈15% for tholin
measurements and RH≈50% for walnut shell measurements). This is likely caused by
the combined effect of micro and nano surface roughness (walnut shell particle roughness
(RMS)≈ 70 nm vs 20 nm for tholin particles) and surface energy (γtholin ≈ 70.9 mN/m
and γwalnut shell ≈ 30− 50 mN/m, de Meijer et al., 2000). This indicates when calculating
the threshold wind speed on Titan, we may need to increase the γ or β values in Equation
7 for Titan sand to accommodate its larger interparticle cohesion. We may also need to
incorporate the variability of the measured adhesion forces (caused by surface roughness),
shown in Figure 6 into the threshold model by using a probabilistic distribution of inter-
particle forces, as suggested by Yang et al. (2004). The large particle-particle adhesion
forces of tholin also suggest they are easier to coagulate to form larger particles, and this
may provide insight on how the small aerosol particles in Titan’s atmosphere are trans-
formed to large sand-sized particles on Titan’s surface, if that is indeed the sand formation
mechanism. The higher cohesion of tholin particles may also support the alternative for-
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mation mechanism of Titan’s linear dunes, where Rubin and Hesp (2009) suggests that
only unidirectional wind is needed for strong-cohesive sand to form longitudinal dunes.
5.4. Adhesion Forces of a Tholin Coated Sphere to Flat Tholin Surfaces
To further investigate the effect of humidity on adhesion forces, we changed the AFM
experimental setup to the configuration shown in Figure 3d. Instead of measuring the in-
teraction between two irregularly shaped tholin particles, we used a tholin-coated spherical
particle and a flat tholin film. This allows us to reduce the effect of surface roughness and
focus on the effect of RH on adhesion forces.
We first obtain forces curves with the tholin-coated particle on different positions of
a tholin film at two different RH values, RH=25% and RH=50%. The distribution of
pull-off forces is shown in Figure 7 and the values are also summarized in Table 1. The
standard deviation of the measurements is generally large, likely due to the differences
in surface roughness between the positions. However, even with the measured standard
deviation, the adhesion force differences between the two RHs are significant: at RH=50%,
the measured adhesion forces are almost double the adhesion forces at RH=25%. This
suggests that the adhesion forces between tholin particles are strongly affected by water
vapor in air.
Since there is very little water vapor in Titan’s atmosphere, we want to know the
adhesion forces for tholin under dry conditions. To do that, we enclosed the entire AFM
system in a dry nitrogen glove bag and again measured the interaction force between a
tholin coated colloidal probe and a tholin surface. We also measured the adhesion forces
as the RH was increased, which are shown in Figure 8. The adhesion forces are still
strong under very low RH (RH<1%), at around 2–2.5 µ N. The forces are lower than the
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theoretical adhesion forces under dry conditions, 6.7 µN (see Equation 13), which is likely
due to nanoscale surface roughness on the coated tholin surfaces (roughness (RMS) ≈1
nm for tholin film). As RH increases, the adhesion gradually increases until ambient
humidity (RH=40–50%). This is consistent with the behavior of a hydrophilic surface
(Jones et al., 2002), which can be explained by the existence of abundant polar molecules
in tholins (He et al., 2012; He & Smith, 2014b). The theoretical maximum capillary
force (Equation 14) for water vapor is shown as the dashed line in Figure 8; the extended
linear fit to the data would reach this force at around RH=70–80%. If we assume the
forces would change from pure van der Waals contact force to capillary forces for different
liquid methane humidities, similar to water, we can draw an imaginary Force–RH trend
line for the forces to reach to full capillary forces (liquid methane, Equation 15) with
liquid methane humidity increasing. As discussed in Section 5.1, because of the surface
roughness of real particles, the van der Waals force under dry conditions is lower than
theoretical calculations. Thus our results suggest that with increasing liquid methane
humidity, the interparticle forces will actually increase. One major limitation on our
understanding is that contact forces are strongly affected by surface roughness, and we
do not currently know roughness of the sand particles on Titan. Future missions to the
surface are required to assess this important parameter.
Temperature may also play a role in adhesion forces. First, as temperature decreases, the
surface tension of the liquid decreases, thus decreasing the capillary forces. Second, if the
substance is close to its melting point, a quasi-liquid layer could cause additional capillary
forces. Then as the temperature decreases away from the melting point, the adhesion
forces would drop because the capillary forces decrease or disappear. The measured
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surface tension of liquid methane is ∼20 mN/m at Titan’s surface temperature (Baidakov
et al., 2013). We used this value to make theoretical predictions of capillary forces for
liquid methane (Equation 15). Tholin is a stable solid at room temperature (∼300 K),
and tholins do not appear to melt to temperatures of at least ∼350 K (He & Smith,
2014a). Thus room temperature measurements should not be affected by the potential
additional capillary forces formed by the quasi-liquid layers resulting from melting, and
the adhesion forces under 94 K should be similar to the forces at room temperature.
6. Conclusion
This study shows the first direct measurements of adhesion forces between tholin par-
ticles. It indicates that the threshold wind speed on Titan could be larger than reported
in Burr et al., (2015), since the interparticle forces between tholin particles are much
larger than walnut shells used in the TWT. Measurements of the adhesion between a
tholin coated colloidal probe and a flat tholin surface show a significant adhesion force
even under Titan conditions (with no water vapor), which also indicates that the small
Titan aerosol particles (∼1 µm) could coagulate efficiently into larger sand-sized particles.
The high cohesiveness of tholin may also support the alternative formation mechanism of
Titan’s dunes, where only unidirectional wind is required with cohesive sediment to form
longitudinal dunes on Titan.
7. Acknowledgements
Data of the measured adhesion forces are available in this paper and in sup-
plements. Partial support to X. Yu and N. Bridges is provided by NASA grant
NNX14AR23G/118460 that was selected under the Outer Planets Research Program
D R A F T November 7, 2018, 4:48am D R A F T
YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM X - 21
(Bridges PI). C. He is supported by the Morton K. and Jane Blaustein Foundation.
P. McGuiggan is supported by the 3M Nontenured Faculty Grant and the National Sci-
ence Foundation (NSF) under Grant CMMI-0709187. We also gratefully appreciate the
contribution from the late Dr. Nathan Bridges.
References
Baidakov, V. G., Kaverin, A. M., & Khotienkova, M. N. (2013) Surface tension of ethane
methane solutions: 1. Experiment and thermodynamic analysis of the results. Fluid
Phase Equilibria, 356, 90-95. http://dx.doi.org/10.1016/j.fluid.2013.07.008.
Barnes, J. W., Brown, R. H., Soderblom, L., Sotin, C., Le Moue`lic, S., Ro-
driguez, S., ... Nicholson, P. (2008). Spectroscopy, morphometry, and pho-
toclinometry of Titan’s dunefields from Cassini/VIMS. Icarus, 195, 400-414.
http://dx.doi.org/10.1016/j.icarus.2007.12.006.
Barnes, J. W., Lorenz, R. D., Radebaugh, J., Hayes, A. G., Arnold, K., & Chandler, C.
(2015). Production and global transport of Titan’s sand particles. Planetary Science, 4,
1. http://dx.doi.org/10.1186/s13535-015-0004-y.
Beach, E. R., Tormoen, G. W., Drelich, J., & Hans, R. (2002). Pull-off force measurements
between rough surfaces by atomic force microscopy. Journal of Colloid and Interface
Science, 247 (1), 84. http://doi.org/10.1006/jcis.2001.8126.
Brown, R. H., Soderblom, L. A., Soderblom, J. M., Clark, R. N., Jaumann, R., Barnes,
J. W., ... Nicholson, P. D. (2008). The identification of liquid ethane in Titan’s Ontario
Lacus. Nature, 454, 607-610. http://dx.doi.org/10.1038/nature07100.
D R A F T November 7, 2018, 4:48am D R A F T
X - 22 YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM
Burr, D. M., Bridges, N. T., Marshall, J. R., Smith, J. K., White, B. R., & Emery, J. P.
(2015). Higher-than-predicted saltation threshold wind speeds on Titan. Nature, 517,
60-63. http://dx.doi.org/10.1038/nature14088.
Carrasco, N., Schmitz-Afonso, I., Bonnet, J-Y., Quirico, E., Thissen, R., Dutuit, O.,
... Cernogora, G. (2009). Chemical Characterization of Titan’s Tholins: Solubility,
Morphology and Molecular Structure Revisited. Journal of Physical Chemistry A, 113,
11195-11203. http://dx.doi.org/10.1021/jp904735q.
Clark, R. N., Curchin, J. M., Barnes, J. W., Jaumann, R., Soderblom, L., Cruik-
shank, D. P., ... Nicholson, P. D. (2010). Detection and mapping of hydro-
carbon deposits on Titan. Journal of Geophysical Research (Planets), 115, E10.
http://dx.doi.org/10.1029/2009JE003369.
Coll, P., Coscia, D., Smith, N., Gazeau, M. C., Ramı´rez, S. I., Cernogora, G., ... Raulin,
F. (1999). Experimental laboratory simulation of Titan’s atmosphere: aerosols and gas
phase. Planetary and Space Science, 47, 1331-1340. http://dx.doi.org/10.1016/S0032-
0633(99)00054-9.
Corner, K., Ohler, N., Gupta, A., & Beaudoin, S. (2000). Analysis of contact interactions
between a rough deformable colloid and a smooth substrate. Journal of colloid and
interface science, 222 (1), 63-74. https://doi.org/10.1006/jcis.1999.6561.
Corn, M. (1961). The adhesion of solid particles to solid surfaces, I. A
review. Journal of the Air Pollution Control Association, 11 (11), 523-528.
http://dx.doi.org/10.1080/00022470.1961.10468032.
Christenson, H. K. (1988). Adhesion between surfaces in undersaturated vapors: a reex-
amination of the influence of meniscus curvature and surface forces. Journal of Colloid
D R A F T November 7, 2018, 4:48am D R A F T
YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM X - 23
and Interface Science, 121 (1), 170-178. http://dx.doi.org/10.1016/0021-9797(88)90420-
1.
de Meijer, M., Haemers, S., Cobben, W., & Militz, H. (2000). Surface energy determina-
tions of wood: comparison of methods and wood species. Langmuir, 16 (24), 9352-9359.
http://dx.doi.org/10.1021/la001080n.
Derjaguin, B. V., Muller, V. M, & Toporov, Y. P. (1999). Effect of contact deformations
on the adhesion of particles. Journal of Colloid and interface science, 53 (2), 314-326.
http://dx.doi.org/10.1016/0021-9797(75)90018-1.
Ducker, W. A., Senden, T. J., & Pashley, R. M. (1991). Direct measurement
of colloidal forces using an atomic force microscope. Nature, 353, 239-241.
http://dx.doi.org/10.1038/353239a0.
Greeley, R., & Iversen, J. D. (1985). Wind as a geological process on Earth, Mars, Venus
and Titan. Cambridge Planetary Science Series, Vol. 4. Cambridge University Press.
Greenwood, J. A., & Williamson, J. B. P. (1966). Contact of Nominally Flat Surfaces.
Proceedings of the Royal Society of London Series A: Mathematical, Physical and En-
gineering Sciences, 295, 300-319. http://dx.doi.org/10.1098/rspa.1966.0242.
Haugstad, G. (2012). Atomic force microscopy: understanding basic modes and advanced
applications. John Wiley & Sons. http://dx.doi.org/10.1002/9781118360668.
He, C., & Smith, M. A. (2014a). Solubility and stability investigation of Ti-
tan aerosol analogs: New insight from NMR analysis. Icarus, 232, 54-59.
http://dx.doi.org/10.1016/j.icarus.2014.01.007.
He, C., & Smith, M. A. (2014b). A Comprehensive NMR Structural Study of Titan
Aerosol Analogs: Implications for Titan’s Atmospheric Chemistry. Icarus, 243, 31-38.
D R A F T November 7, 2018, 4:48am D R A F T
X - 24 YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM
http://dx.doi.org/10.1016/j.icarus.2014.09.021.
He, C., Ho¨rst, S. M., Riemer, S., Sebree, J. A., Pauley, N., & Vuitton, V.
(2017). Carbon Monoxide Affecting Planetary Atmospheric Chemistry. ApJL, 841, 2.
http://dx.doi.org/10.3847/2041-8213/aa74cc.
Hejda, F., Solar, P., and Kousal, J. (2010). Surface free energy determination by contact
angle measurements: A comparison of various approaches. WDS, Vol. 10, 25.
Hirtzig, M., Be´zard, B., Lellouch, E., Coustenis, A., de Bergh, C., Drossart,
P., ... Le Moue´lic, S. (2013). Titan’s surface and atmosphere from
Cassini/VIMS data with updated methane opacity. Icarus, 226, 470-486.
http://dx.doi.org/10.1016/j.icarus.2013.05.033.
Ho¨rst, S. M., & Tolbert, M. A. (2013). In Situ Measurements of the Size and Density of Ti-
tan Aerosol Analogs. ApJL, 770, L10. http://dx.doi.org/10.1088/2041-8205/770/1/L10.
Imanaka, H., Cruikshank, D. P., Khare, B. N., & McKay, C. P. (2012). Op-
tical constants of Titan tholins at mid-infrared wavelengths (2.5-25 µm) and
the possible chemical nature of Titan’s haze particles. Icarus, 218, 247-261.
http://dx.doi.org/10.1016/j.icarus.2011.11.018.
Israelachvili, J. N. (2011). Intermolecular and surface forces, 3rd edition. Academic press.
Johnson, K. L., Kendall, K., & Roberts, A. D. (1971). Surface Energy and the Contact of
Elastic Solids. Proceedings of the Royal Society of London Series A: Mathematical, Phys-
ical and Engineering Sciences, 324, 301-313. http://dx.doi.org/10.1098/rspa.1971.0141.
Jones, R., Pollock, H. M., Cleaver, J. A., & Hodges, C. S. (2002). Adhesion forces
between glass and silicon surfaces in air studied by AFM: Effects of relative humid-
ity, particle size, roughness, and surface treatment. Langmuir, 18 (21), 8045-8055.
D R A F T November 7, 2018, 4:48am D R A F T
YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM X - 25
http://dx.doi.org/10.1021/la0259196.
Lavvas, P., Griffith, C. A., & Yelle, R. V. (2011). Condensation in Ti-
tan’s atmosphere at the Huygens landing site. Icarus, 215, 732-750.
http://dx.doi.org/10.1016/j.icarus.2011.06.040.
Le Gall, A., Janssen, M. A., Wye, L. C., Hayes, A. G., Radebaugh, J., Sav-
age, C., ... the Cassini Radar Team (2011). Cassini SAR, radiometry, scat-
terometry and altimetry observations of Titan’s dune fields. Icarus, 213, 608-624.
http://dx.doi.org/10.1016/j.icarus.2011.03.026.
Maugis, D. (1992). Adhesion of spheres: the JKR-DMT transition using a Dugdale model.
Journal of colloid and interface science, 150 (1), 243-269. https://doi.org/10.1016/0021-
9797(92)90285-T.
McCord, T. B., Hansen, G. B., Buratti, B. J., Clark, R. N., Cruikshank, D. P., Aversa,
E. D.,... the Cassini VIMS Team (2006). Composition of Titan’s surface from Cassini
VIMS. Planet. Space Sci., 54, 1524-1539. http://dx.doi.org/10.1016/j.pss.2006.06.007.
McFarlane, J. S., & Tabor, D. (1950). Adhesion of solids and the effect of surface films. In
Proceedings of the Royal Society of London A: Mathematical, Physical and Engineering
Sciences, 202, 224-243. http://doi.org/10.1098/rspa.1950.0096.
McGuiggan, P. M., Grave, D. A., Wallace, J. S., Cheng, S., Prosperetti, A., & Robbins,
M. O. (2011). Dynamics of a disturbed sessile drop measured by atomic force microscopy
(AFM). Langmuir, 27 (19), 11966-11972. http://dx.doi.org/10.1021/la2023709.
McKay, C. P. (1996). Elemental composition, solubility, and optical prop-
erties of Titan’s organic haze. Planetary and Space Science, 44, 741-747.
http://dx.doi.org/10.1016/0032-0633(96)00009-8.
D R A F T November 7, 2018, 4:48am D R A F T
X - 26 YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM
Owens, D. K., & Wendt, R. C. (1969). Estimation of the surface free
energy of polymers. Journal of applied polymer science, 13 (8), 1741-1747.
http://doi.org/10.1002/app.1969.070130815.
Petrenko, V. F., & Whitworth, R. W. (1999). Physics of ice. OUP Oxford.
http://dx.doi.org/10.1093/acprof:oso/9780198518945.001.0001.
Rabinovich, Y. I., Adler, J. J., Ata, A., Singh, R. K., & Moudgil, B. M. (2000). Adhesion
between nanoscale rough surfaces: I. Role of asperity geometry. ournal of Colloid and
Interface Science, 232 (1), 10-16. https://doi.org/10.1006/jcis.2000.7167.
Raulin, F. (1987). Organic chemistry in the oceans of Titan. Advances in Space Research,
7, 71-81. http://dx.doi.org/10.1016/0273-1177(87)90358-9.
Rodriguez, S., Garcia, A., Lucas, A., Appe´re´, T., Le Gall, A., Reffet, E., ... Tur-
tle, E. P. (2014). Global mapping and characterization of Titan’s dune fields with
Cassini: Correlation between RADAR and VIMS observations. Icarus, 230, 168-179.
http://dx.doi.org/10.1016/j.icarus.2013.11.017.
Rubin, D. M., & Hesp, P. A. (2009). Multiple origins of linear dunes on Earth and Titan.
Nature Geoscience, 2, 653-658. http://dx.doi.org/10.1038/ngeo610.
Rumpf, H. (1990). Particle Technology. Chapman and Hall.
Sarker, N., Somogyi, A., Lunine, J. I., & Smith, M. A. (2003). Titan Aerosol
Analogues: Analysis of the Nonvolatile Tholins. Astrobiology, 3, 719-726.
http://dx.doi.org/10.1089/153110703322736042.
Shao, Y., & Lu, H. (2000). A simple expression for wind erosion threshold friction velocity.
J. Geophys. Res., 105, 22437-22443. http://dx.doi.org/10.1029/2000JD900304.
D R A F T November 7, 2018, 4:48am D R A F T
YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM X - 27
Smith, B. A., Soderblom, L. A., Banfield, D., Barnet, C., Basilevsky, A. T., Beebe, R. F.,
... Veverka, J. (1989). Voyager 2 at Neptune: Imaging Science Results. Science, 246,
1422-1449. http://dx.doi.org/10.1126/science.246.4936.1422.
Soderblom, L. A., Kirk, R. L., Lunine, J. I., Anderson, J. A., Baines, K. H.,
Barnes, J. W., ... Wall, S. D. (2007). Correlations between Cassini VIMS spec-
tra and RADAR SAR images: Implications for Titan’s surface composition and the
character of the Huygens Probe Landing Site. Planet. Space Sci., 55, 2025-2036.
http://dx.doi.org/10.1016/j.pss.2007.04.014.
Stern, S. A., Bagenal, F., Ennico, K., Gladstone, G. R., Grundy, W. M., McKinnon,
W. B., ... Zirnstein, E. (2015). The Pluto system: Initial results from its exploration by
New Horizons. Science, 350, aad1815. http://dx.doi.org/10.1126/science.aad1815.
Taylor, C. J., Dieker, L. E., Miller, K. T., Koh, C. A., & Sloan, E. D. (2008). Hydrate
particles adhesion force measurements: effects of temperature, low dosage inhibitors,
and interfacial energy. Proceedings of the 6th International Conference on Gas Hydrates.
http://dx.doi.org/10.14288/1.0040971.
Thomas, N., Sierks, H., Barbieri, C., Lamy, P. L., Rodrigo, R., Rickman, H., ..., Wen-
zel, K-P. (2015). The morphological diversity of comet 67P/Churyumov-Gerasimenko.
Science, 347, aaa0440. http://dx.doi.org/10.1126/science.aaa0440.
Wu, S. (1971). Calculation of Interfacial Tension in Polymer Systems. J. Polymer Sci.,
34, 19-30. http://dx.doi.org/10.1002/polc.5070340105.
Xie, H. Y. (1997). The role of interparticle forces in the fluidization of fine particles.
Powder Technology, 94 (2), 99-108. https://doi.org/10.1016/S0032-5910(97)03270-1.
D R A F T November 7, 2018, 4:48am D R A F T
X - 28 YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM
Yang, S. O., Kleehammer, D. M., Huo, Z., Sloan, E. D., & Miller, K. T.
(2004). Temperature dependence of particle-particle adherence forces in ice and
clathrate hydrates. Journal of colloid and interface science, 277 (2), 335-341.
http://dx.doi.org/10.1016/j.jcis.2004.04.049.
Yu, X., Ho¨rst, S. M., He, C., Bridges, N. T., Burr, D. M., Sebree, J. A., & Smith,
J. K. (2017). The Effect of Adsorbed Liquid and Material Density on Saltation Thresh-
old: Insight from Laboratory and Wind Tunnel Experiments. Icarus, 297, 97-109.
http://dx.doi.org/10.1016/j.icarus.2017.06.034.
D R A F T November 7, 2018, 4:48am D R A F T
YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM X - 29
Figure 1: A typical force curve between a colloid particle and a smooth surface and
the particle-surface interactions during different stages of approach and retraction (figure
adapted from Haugstad, 2012). (1) The particle is far away enough from surface that
there is no interaction force between the particle and surface. (2) The particle contacts
the surface which may be proceeded by a slight short range attractive force (in this force
curve the attraction is weak). (3) A repulsive force is measured due to the cantilever
deflection and possible indentation/compression of the surfaces. (4) The AFM cantilever
is retracted but the particle remains in contact. (5) At the final state of contact, the
adhesion forces are equal to the maximum pull-off forces of the cantilever.
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Figure 2: SEM images of: (a) a tholin-coated colloidal AFM probe (the coated sphere is
about 20 µm in diameter); (b) the flat side of a walnut shell particle (size ∼800 µm) for
tip–surface and particle-surface interactions; (c) a typical tholin particle (size ∼30 µm)
used for particle-particle adhesion forces; (d) a typical walnut shell particle (size 125–150
µm) used for particle-particle adhesion forces.
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Figure 3: The four types of AFM setup used for the adhesion measurements. Figure
adapted from Jones et al., (2002).
D R A F T November 7, 2018, 4:48am D R A F T
X - 32 YU ET AL.: INTERPARTICLE FORCES MEASUREMENTS OF ‘THOLIN’ USING AFM
Figure 4: Retract force curves of a silicon tip to three different flat films, tholin (blue),
quartz (green), and the flat side of a 800 µm walnut shell (yellow). The maximum pull-off
forces are given by the forces at the minimum.
Figure 5: On the left is a typical retract force curve between two rough walnut shell
particles. Multiple pull-off events (three here in this figure marked as A, B, C) were
observed. The total pull-off force is the maximum attraction force (Fpull−off) shown in the
figure. For this specific force curve, Fpull−off = 0.5 µN. On the right is an illustration of
the three pull-off events due to three different micro- and nano- scale roughness on the
surface.
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Table 1: Adhesion forces between different particles
.
Particle Size Surface Adhesion Std. Dev. RH range
Name (µm) (µN) (µN) (%)
Walnut Shell 125
Walnut Shell Particle A 0.3 0.1
50.1–57.0
Walnut Shell Particle B 0.4 0.1
Walnut Shell 125 Walnut Shell Film 0.5 0.3 50.1–57.0
Tholin 30
Tholin Particle A 0.6 0.4
14.7–15.9Tholin Particle B 0.5 0.1
Tholin Particle C 1.5 0.6
Tholin 30 Tholin Coated Surface 6.7 5.1 14.7–15.9
Tholin Coated
20 Tholin Coated Surface
2.9 1.2 44.3–50.7
Colloid 1.2 0.6 23.8–24.3
2.6 0.1 1.7–1.9
2.9 0.1 5.9–6.3
Tholin Coated
20
Tholin Coated Surface 3.1 0.1 10.3–10.5
Colloid N2 Enclosed–Location 1 3.1 0.1 20.0–20.2
3.3 0.1 29.8–30.0
5.0 0.2 35.0–35.3
5.3 0.3 39.6–40.0
2.2 0.1 0.8–1.0
3.9 <0.1 5.7–5.9
Tholin Coated
20
Tholin Coated Surface 3.2 0.1 11.0–11.2
Colloid N2 Enclosed–Location 2 5.1 0.2 20.2–20.5
5.1 0.1 30.3–30.6
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Figure 6: Histograms of adhesion forces between walnut shell particles (under RH of
about 50%) and tholin particles (under RH of about 15%). Histograms were used to
better characterize the range of the measured interparticle forces.
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Figure 7: Histograms of adhesion forces for tholin coated 20 µm colloid probe to tholin
film at RH=50% and 25%.
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Figure 8: Shown here are the adhesion forces vs relative humidity (RH) of water between
tholin coated sphere and a flat tholin surface. Blue circles and green circles were obtained
at two different locations on the tholin film. The solid orange line shows a linear fit to
the data for both locations. The orange stripe corresponds to the theoretical capillary
force (including error bars) for water vapor (see Equation 14), and the red thin stripe
corresponds to the theoretical capillary force for liquid methane vapor (including error
bars also, see Equation 15). The orange dashed line and the red dashed line show the
extrapolated force-RH relationship for water and for liquid methane, respectively.
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